The liver and exocrine pancreas share a common structure, with functioning units (hepatic plates and pancreatic acini) connected to the ductal tree. Here we show that Sox9 is expressed throughout the biliary and pancreatic ductal epithelia, which are connected to the intestinal stem-cell zone. Cre-based lineage tracing showed that adult intestinal cells, hepatocytes and pancreatic acinar cells are supplied physiologically from Sox9-expressing progenitors. Combination of lineage analysis and hepatic injury experiments showed involvement of Sox9-positive precursors in liver regeneration. Embryonic pancreatic Sox9-expressing cells differentiate into all types of mature cells, but their capacity for endocrine differentiation diminishes shortly after birth, when endocrine cells detach from the epithelial lining of the ducts and form the islets of Langerhans. We observed a developmental switch in the hepatic progenitor cell type from Sox9-negative to Sox9-positive progenitors as the biliary tree develops. These results suggest interdependence between the structure and homeostasis of endodermal organs, with Sox9 expression being linked to progenitor status.
A r t i c l e s
Controlling the correct number of cells for proper organ size and structure is important both during embryonic organogenesis and in the maintenance of adult organs. Two mechanisms for cell replacement are possible: differentiation from precursor cell pools or selfduplication of existing cells. Differences in regenerative ability after injury among adult organs may be explained by the sum of the efficiencies of these two machineries. Thus, understanding the mechanisms of adult organ maintenance, including the identification of organ-or tissue-specific progenitor cells, may be relevant to the induction of organ regeneration for the treatment of human diseases.
A recent report identified Lgr5 as a stem cell marker for adult intestine 1 . Rapid and continuous cell differentiation from Lgr5-expressing cells in the crypt region and duplication in the transit-amplifying zone contribute to the homeostasis of the intestine. The liver possesses great regenerative ability after injury. Previous studies showed that mature hepatocytes proliferate enough to maintain the homeostasis of the organ after hepatic injury such as hepatectomy 2 . When more severe injuries occur that cannot be repaired by self-duplication of existing hepatocytes, differentiation from other cell types has been suggested (for example, oval cells, activated stellate cells or bone marrow cells). However, we have little knowledge of the physiological homeostasis of adult liver. In the pancreas, previous reports used inducible Insulin-Cre-mediated or Elastase-Cre-mediated cell marking and tracking (known as the 'pulse and chase' experiment) and suggested that adult β cells and acinar cells are maintained by selfduplication of preexisting cells 3, 4 . At the same time, there has been a long dispute over whether adult β cells can be differentiated from the ducts 3, 5, 6 , and no direct proof has been provided that supports the existence of pancreatic progenitors operating in physiological organ maintenance.
Sry (sex determining region Y)-box 9 (Sox9), a member of the Sryrelated high-mobility group box transcription factors, plays pivotal roles in embryonic formation of several tissues and organs, including chondrocytes, testis, heart, lung, pancreas, bile duct, hair follicles, retina and the central nervous system [7] [8] [9] [10] [11] [12] [13] . In mice, Sox9 homozygous mutant mice die at embryonic day (E) 11.5, and in both mice and humans, Sox9 or SOX9 haploinsufficiency results in campomelic dysplasia, which is characterized by skeleton malformation, XY sex reversal and neonatal lethality, demonstrating a dosage requirement for Sox9 during organogenesis 8, [14] [15] [16] . Although Sox9 expression has been reported in several adult organs such as intestine, pancreas, testis and hair follicle 9, 12, 17, 18 , its function in postnatal tissues has not been elucidated. Considering the fundamental function of embryonic Sox9 in maintaining cells in an undifferentiated state 9 , we hypothesized that, in the adult, Sox9 marks the precursor cell population during physiological cell replacement and/or during the regenerative process after injury. Cre-mediated time-and cell-specific lineage tracing in vivo 19 enabled us to map progenitors at different stages of liver, pancreas and intestine development, homeostasis and regeneration. Focusing on the behavior of embryonic and adult Sox9-expressing cells, we describe the differences and similarities in organogenesis, the basic structure of the functional unit, and the process of cell replacement in these three organs.
RESULTS

Contiguous Sox9 expression in the liver, pancreas and intestine
First, we analyzed adult SOX9 expression by immunolabeling of human liver, pancreas and duodenum. We detected SOX9 in the duodenal crypt, pancreatic duct and bile duct of the liver (Fig. 1a-c and Supplementary Fig. 1a-d) . For further analyses, we used adult mice (age 8 weeks) in which either internal ribosome entry site (IRES)-enhanced GFP (eGFP) 18 or IRES-LacZ 20 was knocked in to the Sox9 locus (Fig. 1d) . Consistent with previous reports 1, 21, 22 , we detected Sox9 in the heterogeneous cell population of the intestinal crypt zone, including Lgr5-positive stem cells, chromogranin Aexpressing enteroendocrine cells and periodic acid-Schiff-positive Paneth cells (Fig. 1e-i and Supplementary Fig. 1e-i) . In the pancreas, Sox9 was expressed in cytokeratin-positive duct cells including centroacinar cells but not in acinar or endocrine cells 9 ( Fig. 1j-l, Supplementary Fig. 1j -l and Supplementary Table 1) .
Sox9 expression was detected in the cytokeratin 7-positive bile duct cells of the liver, including the canals of Hering, but not in albuminpositive hepatocytes (Fig. 1m-o, Supplementary Fig. 1m-o Table 1) . Sox9 expression was also detected in the extrahepatic biliary tract epithelia, including those in the common bile duct, duodenal papilla and gall bladder (Fig. 1p,q, Supplementary Fig. 1p ,q and data not shown). Thus, the Sox9-expressing domains in these regions (hepatic and pancreatic ductal tree and intestinal crypt) are contiguous and anatomically connected through the duodenal papilla ( Fig. 1p-t) .
Continuous cell supply from the Sox9-expressing progenitors As previously shown 1, 23, 24 , adult intestinal crypt cells and hepatic and pancreatic duct cells are proliferating (Supplementary Fig. 3 ). To test the hypothesis that adult Sox9-expressing cells in the intestinal crypt and in the hepatic and pancreatic ducts function as progenitor cells, we performed tamoxifen-inducible genetic lineage tracing using Sox9 IRES-CreERT2 ; Rosa26R mice or Sox9 IRES-CreERT2/IRES-eGFP ; Rosa26R mice in which IRES-CreERT2 was inserted into the same region of the Sox9 locus as in Sox9 IRES-eGFP mice ( Fig. 2 and Supplementary Fig. 4a) . Without tamoxifen treatment, we detected A r t i c l e s no lineage-labeled, X-gal-positive cells at any of the stages analyzed ( Supplementary Fig. 4b-g ). By tamoxifen injection, Cre-mediated recombination caused permanent LacZ marking of Sox9-expressing cells and their progeny, providing efficient detection of Sox9-lineage cells by X-gal staining. As expected from coexpression with Lgr5 in a subset of Sox9-expressing cells (Fig. 1f-i and Supplementary   Fig. 1a,b,f,g ), all mature intestinal cell types, including enterocytes, periodic acid-Schiff-positive goblet cells and gastrin-producing enteroendocrine cells, were lineage labeled ( Supplementary  Fig. 5 ). On the day after a single injection of tamoxifen (4 mg), we detected X-gal-positive cells both in the Sox9 IRES-eGFPexpressing domain in the crypt and in the Sox9 IRES-eGFP -negative region at the bottom of villi (expanding approximately 15-18% in length) in Sox9 IRES-CreERT2/IRES-eGFP ; Rosa26R mice ( Fig. 2c,d ).
In these mice, Cre expression is theoretically the same as that of eGFP because both genes are targeted to the same region of the Sox9 locus; thus, this observation reflects rapid and continuous cell differentiation from the Sox9-expressing intestinal precursors rather than leaky Cre labeling in the Sox9-negative populations. The progeny of Sox9-positive cells reached the tips of the villi 5 days after tamoxifen treatment, consistent with previous reports on intestinal cell turnover 1 (Fig. 2b,e) . We detected X-gal-positive cells throughout the villi and crypts at 12 months after marking (Fig. 2r) , supporting the notion that the Sox9-expressing zone contains intestinal stem cells capable of self-renewal and multipotency. We also observed similar findings in the large intestine ( Supplementary Fig. 6 ), suggesting that adult colonic stem cells reside in the Sox9-expressing zone.
In the pancreas, a previous report suggested that adult exocrine tissue is maintained by self-duplication of preexisting cells 4 . However, we provide evidence that adult Sox9-positive duct and/or centroacinar cells differentiated into amylase-producing acinar cells (Fig. 2f-i) .
On the day after a single tamoxifen injection (4 mg), 97% of lineagelabeled cells were detected in the cytokeratin-positive duct and centroacinar compartment (Fig. 2f,h, Supplementary Table 2 and Supplementary Fig. 7a,b) , and lineage-labeled acinar cells gradually increased in number on days 3 and 10 ( Fig. 2f,i, Supplementary  Fig. 7c,d and Supplementary Table 2) . A lower dose tamoxifen injection (1 mg) resulted in poorer labeling efficiency (approximately 10% of cytokeratin-positive duct cells labeled on the day after injection, whereas 22% of cytokeratin-positive cells injected with 4 mg of tamoxifen labeled on the day after injection) but showed the same result that the number of lineage-labeled acinar cells increased as time proceeded (Supplementary Fig. 7i-l) . Furthermore, almost all the exocrine duct and centroacinar and acinar cells, but none of the endocrine cells, were labeled 12 months after intensive tamoxifen treatment (5 injections of 4 mg tamoxifen) (Fig. 2n,p) . These results suggest that acinar cells are continuously supplied from the exocrine-specific progenitors located in the Sox9-positive pancreatic duct structure (duct or centroacinar cells) during physiological organ maintenance (see discussion section).
Despite numerous reports on the cell source for hepatocyte regeneration after hepatic injury, we have little knowledge of the mechanisms underlying physiological homeostasis of the liver. Our cell-specific genetic lineage tracing showed that hepatocytes are physiologically differentiated from the Sox9-expressing precursor pool located in the bile duct tree (Fig. 2j-m) . On the day after a single injection of tamoxifen (4 mg), 99.4% of lineage-labeled cells were detected in the cytokeratin-positive duct structure (Fig. 2j,l,  Supplementary Fig. 7e,f and Supplementary Table 2) . However, lineage-labeled hepatocytes gradually increased in number on days 10 and 30 (Fig. 2j,m, Supplementary Fig. 7g,h and Supplementary  Table 2) . A lower dose tamoxifen injection (1 mg) showed the same result that the number of lineage-labeled hepatocytes increased as time proceeded (Supplementary Fig. 7m-p) . These observations support the continuous hepatocyte supply from the Sox9-expressing precursor pool located in the biliary duct. The newly formed hepatocytes appear to migrate very slowly from the periportal space to the central vein region, as shown by long-term chase after high dose tamoxifen treatment (Fig. 2o,q) . We detected X-gal-positive cells in the intrahepatic bile duct tree 12 months after labeling, suggesting the self-renewal of Sox9-expressing hepatic progenitors (Fig. 2o) . In addition, Sox9-expressing cells also retained X-gal labeling 12 months after labeling in the extrahepatic bile duct tree, including the common bile duct, major duodenal papilla and gall bladder (Fig. 2s-u) .
As shown, the functional units of adult intestine, liver and exocrine pancreas (intestinal villi, hepatic plate and pancreatic acinus, respectively) physiologically receive a continuous supply of cells from the progenitors located within the Sox9-expressing zone. The speed of cellular differentiation seems to differ among these organs, reflected by the ratio of labeled cells in the Sox9-negative population on the day after a single tamoxifen injection (Fig. 2d,h,l) . This organ maintenance machinery is retained in older mice at 1 year of age (Supplementary Fig. 8 ).
Contribution of Sox9-expressing progenitors in regenerating liver
To evaluate the contribution of Sox9-expressing hepatic precursors in regenerating liver, we combined short-term inducible Cre-based cell tracking and acute liver damage models. We observed a proliferation of duct cells and found that the number of lineage-labeled hepatocytes increased after carbon tetrachloride (CCl 4 ) administration 2, 25 or bile duct ligation (Fig. 3a-l and Supplementary Fig. 9 ). In both experiments, hepatic injury itself did not induce Sox9 expression in non-bileduct cells, including hepatocytes and PECAM-positive endothelial cells but was restricted in the cytokeratin-positive duct cells, suggesting that all the lineage-labeled cells are of cytokeratin-positive duct cell origin (Fig. 3d-f ,j-l and data not shown). Consistently, we also found increased numbers of lineage-labeled hepatocytes in another set of experiments in which tamoxifen was administrated after the induction of liver injury, and the extent of the increase in lineage-labeled hepatocytes was not obviously greater than that in the pre-marking experiments (Fig. 3m-p) . These observations support the idea that hepatocyte differentiation from the Sox9-positive precursors within the duct is activated during the regenerative process after these types of hepatic injuries. We also observed an increase in lineage-labeled hepatocytes after applying a chronic hepatic damage model induced by a methionine-and choline-deficient diet supplemented with 0.15% ethionine (MCDE) (Supplementary Fig. 10a-j) . α-fetoprotein (AFP)-positive oval cells or α-smooth muscle actin (αSMA)-positive activated stellate cells emerged in the MCDE model 26 , but the contribution of these cells to hepatocyte regeneration awaits further experiments using direct-lineage tracing specific to these cell types (Supplementary Fig. 10g-j) . Other liver damage models, including 70% partial hepatectomy, a 3,5-diethoxycarbonyl-1, 4-dihydrocollidine (DDC)-supplemented diet and acetaminophen treatment, showed that the contribution of Sox9-expressing precursors is moderate or low (Supplementary Fig. 10c,k-o) . Self-duplication of preexisting hepatocytes or those supplied from other cell types is thought to contribute more in these types of liver damage 27 . An earlier study reported that Foxl1 expression is induced by bile duct injuries (greatly activated after bile duct ligation and moderately activated by DDC diet) and that Foxl1-positive cells function as bipotential hepatic progenitor cells 28 . Considering these results and ours, bile duct ligation may induce Foxl1 expression and enforce the hepatocyte differentiation pathway in a subset of Sox9-expressing cells in the duct structure. As Foxl1-positive cells are not induced by the sham operation, it is possible that they may not contribute to physiological liver maintenance.
Behavior of Sox9-expressing progenitors during organogenesis
Developmentally, liver and pancreas originate from the foregut endoderm. To assess the behavior of Sox9-positive cells during organogenesis, we performed expression and lineage tracing analyses (Fig. 4) . During the embryonic stages, Sox9 was detected broadly in the primitive gut epithelial cells at E13.5 and E16.5 ( Fig. 4a-e) . As development A r t i c l e s proceeded, the intestinal tube began to form villi and crypts, and Sox9 expression was confined to the crypt region beginning at E18.5 (Fig. 4f) . In the pancreas, Sox9 was expressed in epithelial cells at E13.5 (Fig. 4a,g ), and its expression became confined to duct cells and was not present in differentiated cells at E16.5 and E18.5 (Fig. 4b,c,h,i, Supplementary Fig. 11a and ref. 9) .
As previously reported 20 , all intestinal and pancreatic cells are labeled at postnatal day (P) 1 by embryonic lineage tracing in Sox9 IRES-Cre ; Rosa26R mice, suggesting that these cells are derived from multipotent Sox9-positive precursors (Fig. 5a) . Consistently, an earlier study used Sox9-eGFP transgenic mice and performed pseudo short-term tracing, taking advantage of the half-life of GFP, and showed that both endocrine and exocrine pancreatic cells are derived from Sox9-positive precursors during embryogenesis 29 . Notably, inducible cell tracing in Sox9 IRES-CreERT2 ; Rosa26R mice showed diminishing multipotency of embryonic pancreatic Sox9-positive cells shortly after birth (Fig. 5b-j) . Tamoxifen administration at E16.5 and P1 labeled both endocrine and exocrine cells (Fig. 5c,d,g,h) , but recombination at P7, P14 (Fig. 5e,f,i,j) and at 8 weeks (Fig. 2n) showed only exocrine (duct, centroacinar and A r t i c l e s acinar)-specific labeling. It should be noted that diminishing multipotency of Sox9-positive cells coincides in time with islet formation, when endocrine cells migrate out of ductal tree. Very recently, another study used BAC transgene-based inducible Cre lineage tracing to demonstrate that Hnf1β-expressing pancreatic duct cells show diminishing multipotency during embryogenesis 23 . They showed that Hnf1β-expressing cells can differentiate into all types of pancreatic cells from E11.5 to E13.5, into endocrine and duct cells from E13.5 to E16.5, and only into duct cells from E16.5 onwards. Considering these results and ours, Hnf1β-CreER-expressing cells may lose their multipotency earlier than Sox9-expressing cells, or some ductal progenitors may have lower expression of Hnf1β-CreER that is inadequate for Cremediated recombination 30 . Although recent reports showed potential β-cell neogenesis from the pancreatic duct structure in the pancreatic duct ligation model 5, 6 , we found no evidence of β-cell differentiation from Sox9-positive duct and centroacinar cells in several in vivo regeneration or transdifferentiation experiments such as partial pancreatectomy, cerulein-induced acute pancreatitis, a streptozotocin diabetes and pancreatic duct ligation model, or in vitro culture experiments using sorted Sox9-eGFP-expressing cells from the adult pancreas ( Supplementary Figs. 12 and 13) , supporting a previous report that adult β cells are maintained by self-duplication 3 .
Developmental switch in the hepatic progenitor cell types
In the developing liver, hepatogenesis starts by the evagination of cell clusters from the primitive gut 31 . AFP-positive cells (hepatoblasts) are believed to be the precursors for both embryonic hepatocytes and bile duct cells 31 . Sox9 was not expressed in the hepatic cells at E13.5 ( Fig. 4j) and began to be detected in the cytokeratin-positive intrahepatic bile duct cells but did not localize with Hnf4α-positive embryonic hepatocytes at E16.5 ( Fig. 4k and Supplementary Fig. 11b) . Expression of Sox9 in the extrahepatic biliary tract preceded that in the intrahepatic bile duct and was detected at E13.5 and retained at the adult stages (Fig. 1p,q, Fig. 4a-c,m-o and Supplementary Fig. 1p,q) . The structure of the intrahepatic bile duct tree begins to develop during the midembryonic stage (around E15) when Sox9 plays a pivotal role and is connected to the extrahepatic bile duct at the late embryonic stages 10 .
Our embryonic lineage tracing analysis in Sox9 IRES-Cre ; Rosa26R mice showed that only a subset of hepatic cells was labeled at P1. A more detailed analysis showed that hepatocyte differentiation from embryonic Sox9-positive duct cells was found more in the proximal liver region around the hilar plate than in the distal liver region (Fig. 5a) . In contrast, AFP-positive cells disappeared gradually at around 4 weeks of age and were not detected in adult mice 2 (data not shown). These findings suggest that the source of hepatocyte differentiation switches gradually from Sox9-negative hepatoblasts to Sox9-positive precursors during mid-embryonic and postnatal stages as the structure of the Sox9-expressing intrahepatic bile duct tree develops.
DISCUSSION
It is interesting to consider Sox9-based organ homeostasis in the intestine, pancreas and liver in relation to organ development, and tissue structure and function (Fig. 6) . The basic structure of the intestine is fully constructed during embryonic organogenesis and does not Single-dose tamoxifen-inducible cell marking using Sox9 IRES-CreERT2 ; Rosa26R mice at E16.5 and P1 results in both exocrine and endocrine differentiation (c,d, arrows indicate marked endocrine cells), but recombination at P7 and P14 shows exocrine-specific differentiation (e,f). Note that single-dose cell marking does not result in 100% labeling because of the insufficient tamoxifen content. The frequency with which Sox9-expressing cells adopt exocrine, endocrine or duct-cell fates was counted (g-j). Scale bars, 100 μm.
A r t i c l e s change throughout the lifespan. Aligned cells form the crypt-villus unit and Sox9 is expressed in the crypt zone. The intestine has the dual functions of secreting enteric fluid into the gut lumen (exocrine function) and of absorbing nutrients and transporting them to the blood vessels (endocrine function). In early embryonic stages, the liver functions as a hematopoietic organ, and embryonic hepatocytes differentiate from the Sox9-negative hepatoblasts. The Sox9-positive intrahepatic duct begins to be constructed at the mid-embryonic stage in preparation for the adult function of the liver as a central metabolic organ. In adult liver, hepatocytes align to form hepatic plates so that the basal side faces the sinusoidal vessel, which releases metabolites into the stream of the hepatic vein (endocrine function), and so that the apical side faces the bile canaliculus, which connects the Sox9-positive small duct (canal of Hering) and transports bile juice (exocrine function). By contrast, the adult pancreas is unique in that its exocrine function is mediated by the acinus, which connects the Sox9-positive pancreatic duct structure, whereas its endocrine function is mediated separately by the islets of Langerhans, in which blood vessels are highly organized. In contrast to the intestine, liver and exocrine pancreas, in which functional units (intestinal villi, hepatic plates and pancreatic acinus, respectively) are connected to the Sox9-expressing domain (intestinal crypt, bile duct and pancreatic duct, respectively), the islets of Langerhans lose contact with the epithelial lining of the ductal tree and are separated from the Sox9-positive progenitor pools and thus may have to self-maintain through duplication of preexisting cells. This notion may account for difficulties in diabetes care.
In this report, we show that adult progenitor cells of the intestine, liver and exocrine pancreas are located in a Sox9-expressing progenitor zone. Based on the idea that an interdependent relationship exists between the structure and homeostasis of endodermal organs, we speculate that Sox9-expressing cells located at the junction of the duct structure and the functioning units (centroacinar cells in the pancreas and canal of Hering in the liver) are good candidates to be the true progenitor cells, at least in physiological organ maintenance, but we cannot uniquely label them, as no specific marker for these cells exists to date. Further characterization of organ-specific stem cells within the Sox9-expressing domain (for example, using additional cell markers), understanding how these cells make the decision to remain precursors or to differentiate, and the manipulation of Sox9-expressing cells as a progenitor cell source may provide a basis for exploring regenerative therapies for human diseases of the liver, pancreas and intestine.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/. Figure 6 The proposed interdependent relationship among the structure, function and homeostasis of the intestine, liver and pancreas and Sox9 expression is linked to progenitor status. The left panel shows the change in progenitor cell types during organogenesis. At early embryonic stages, Sox9 is expressed throughout the intestinal epithelia. As development proceeds, Sox9 expression becomes restricted to the crypt cells (crypt base columnar (CBC), enteroendocrine and Paneth cells). Intestinal Sox9-expressing progenitors retain multipotency from the early developmental stages throughout the lifespan. Embryonic hepatic progenitors (hepatoblasts) do not express Sox9, and Sox9 expression begins to be detected in the intrahepatic bile duct cells during mid-to-late embryogenesis. We observed a progenitor cell-type switch from the Sox9-negative to the Sox9-positive progenitors as the intrahepatic ductal tree developed, suggesting the preparation of a 'functional switch' from the embryonic hematopoietic organ to the metabolic organ. In the pancreas, Sox9 is expressed in the undifferentiated epithelia and becomes restricted to the pancreatic ducts. Sox9-positive embryonic pancreatic progenitors lose their capacity for endocrine differentiation shortly after birth, around the time of islet formation. The right panel shows adult organ structure, function and maintenance. Adult intestine and liver cells have a dual function (exocrine and endocrine). However, pancreatic exocrine and endocrine functions are mediated separately by independent functional units (pancreatic acinus and the islet of Langerhans, respectively). The functional units of the intestine, liver and exocrine pancreas are anatomically connected to the Sox9-expressing progenitor zone and receive a continuous supply of cells, but the islets of Langerhans lose their histological connection to the ductal tree and are unable to receive cells from the Sox9 + precursors. The duplication of intestinal cells at the transit-amplifying zone, hepatocytes, pancreatic acinar cells and β cells has been described previously [1] [2] [3] [4] . 
